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PASSIVE RESEARCH AND PRACTICE*

by

J. Douglas Balcomb
Los Alamos National Laboratory
Los Alamos, New Nexico 87545

MSTRACT

Pessive-6olar appllcttlons In buildings are described and exe!nplesare given to Illustrate how
research fn the field has beerrapproached. Theaejor mphasis of the rosearctrhas been on
devising Mthemstical mdels b chm’acterfze beet flow wlthln bulldlngs, on the validation of
these models by CC9 arlson with test results, and on the subsequent use of the models to

!fnvestigati the Irrfuence of both various design perWet8rs and the weather on systea perforis-
ence. Results frca both test modules end monitored buildings are given. Slaulstfon analysts,
the develofmentof simpllffed~thods, arrosystems malysls we outlfned. Passive-solar prac-
tice is described end the kgy elaents that have led to SWe$sful passive-solar applications
#re discussed.

KEY wORM

Passfve Solar, Research, Test Nodules, Mttored Bulldlngs, Systems halysis.

HISTORICAL.PERsPECTIVE

Although passive solar applications In buflalngs have beerrexterrstvelypracticed by several
rlffferentCfvllizatlons over the period ofhm history, modern fnterast In passive solar
heetlng is qufte recent, stertirrgIn Meeerly 1970s. Thenu@er of mstve solar lnsMlld-

!t~ons has grown Incredibly frca a half dozen to well over 100,WXI In Oyears; most me
lochtid tn the Unfted St4tes. We are now seelrrgmejor Interest developing lnmenyothercourr-
trle$ throughout the world, notably~~ Frence. It fs Certainly conceivable that wlthln 10
jeers most new coostructfon wfthfn the UrrftedStetes will utlltze vesslve solar techniques for
heat~ng, end %!et MIs trend wfll becoa worldwlde, especially in the more Wperati cltmetes.

It Is tnterestfrrgta now that nuch of thl$ developmefi?hes teken place wfthout the “,fdof a
strong reSeJt’Chprogrm, Although pC$slvO sy8Ums developed In perallel with acttve system,
a law~ research budget stlaulated active syst4a development wherees mlnlmel funding wes
devoted to pt$sfve SYS- reseerch. The reasons for this dlcho~ m my and we wI1l not
belabor than here, but Its exlstince 1s a metter of f’eCOrd. Even Wen government funofrrgdld
ast.erlalize,It was dfrected largely towerd crnrcfalfzatfon actlvltfes rather than research.

Thfs hlstmlctl difference has strongly coloredthe developmentof p4S$fV0 Solar cmepered wftlr
&ctlve $ol&r system. P6sslve solar heetlng has d8Ve10 ed 4s a grws roots technology In

!WhlCh desttinerstrensfer concepts Ir!topractice, not on Y without the benefit of SOphlStlCOWd
experluents or detailednuerlctl erralysls,but often without evm the most ruulmentery engt-
neer{rr cclculttlons. In this regm’o, pesslve soler heetfng developaen~ has been more chartc-

!turlst c of the buflalng frrdustrycs a tiole than of Me errglneerlnuIndustry, This process
hts not Mcessarlly hen detrf-ntel to the orderly development of pesstve soler technfquas.
Nuch of the ovolutfon has focused on intangible Iewes that am net pm’tlculerly Conducfve to
a re$earch-orlontedenalys{s. These lSSUeS Include concerns ebout aestttetlcs,merketeblllty,
end the lnwgratton of pUSIVe $Olar Conetrubt{on techniques lntO W lnfrUtructuM of the

mf * performiiiir the tus~lces of the U-s, Oepertaont of EneruY, Office of Solar Heat
Tech~o%glee.
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conventional ouilalng Industry. Passive solar builalngs ma quite forglvlng of design varla-
t{ons end flaws: most such buildings have worked aulte well. reauirln~ a fraction of the heJt-
lng r~ulraman~ of-ctiventlonalL&ldlngs, end tielr awner$ have beei’iquite ~tl$fled.

Ex=ples of early researchon passive solar heating are We and Isolated. Researchers such
as Diet: LIJ at HIT and Neubauer [21 at the Unfversfty of California &t Davis cr Iucted a few
experiments, but the results of these were neither widely know nor appre:lated. A patent was
t.denout by E. M. Norris [31 In 1898 for a theneoslphonlng air penel, but therewes no quan-
ti-dtlve prediction or ovaluatlon of performance.

This is not to say that there had not been $Iunificent efforts put to the thermal evaluation
of buildings. Quiti thecantrary; major efforts Inmafw countries were devoted toevaluatlon
ot bulldlng materials and the analysis of heat flow through bulldlng el-nts. Thfs work lafd
an ~mportant foundation for passive solar research today. However, It cannot be considered
passfve solar research in Itself because of several characterlstlcs: (a) solar gains were
usually regarded as a Msance, (b) heat storage In building elants was treated perlpherdl-
ly, if at all, (c) the amphasfs of the Investigation was to provfde equfpent. sizing informa-
tion, and, most importantly, (d) ●he results were rarely usad m guide buildlng desfgn toward
better use of natural energy flows.

Passive solar Meting reeearch really began In the 1970s {n direct response to passive solar
deslgn$ that had been built. The three early buildlngs of radt%st SIgnlflcmce we the

!Hallasey School [41 by Morgan In England, the Trombe house 5] In France, and the Atascadero
house L6] by Hay In California. Eachua$ analyzed Md evaluated by a teem nOt assoclatedwlth
thetr construction. M. G. Davies ana A. D. M. Davies analyzed the Nallasey School frcm a
thmnal and a Socfologlcal stanapolnt, respectively.[7] J. F. Robert, M. Cabanet, and B.
Sesolis L8J evaluated, but Old not analyze, the Trombe house (Robert llves in the Trcxsbe
hou$e~. Prior to Its construction, YellOtt and Hay had bufl~ and evaluated a test structure
based orIthe Skythermc prtnclple.[91 Follwing the construction of the Hay house fn Atasca-
dero, California, Nlles er,dHaggard [10] analyzed and evaluated Its performance. SfgnlflcMt-
lY, bOth uavles Uid Nlles used theriealnetwork simulation analyses to investigate the @nNXiC
behavior of heht :1OW In the structures. However, even {n these cases, the work W*S confined
to m lnvestfgatlonof the particular building in its particular cllmate, and no attempt was
made to generalize the results.

The turning pofnt for pdsslve solar research was the first passive solar co, erence In
Albuquerque in May 1976.[11] MuctIof the early research wok was revfawed, and most of the
incfvlauals *O have subsequently Contributed to the research effort were present. Sificethat
t~ms, nat!onal passive solar Conferences, sponsored by the Amerfcan Solar Energy Society, have
served as the focal point for the presentation of research results.

RESEARLH ISSUES

Ke~earch ln”~ the ~e~l behavfor of bufldingsIS aflold and established ffelO, anO Nch of
the Information developed is directly applicable to pass~ve solar bulldfngs. However, In a
passive solar nea;ed buildlng the thermal tmpact of solar on the bulldfng Is e:~o~~~ a
point where lt becomes the Oodnant thermal factor. Thus, what was t mfnor

!’bUfldfny enor$y Mlance becomes Wor, and new analysis wols are needed. A so, new elements
of the Bulldfng maY b. added, such as Troabe WC1lS or sunspaces, and those must b. charactor-
iled. A&curatily understinalng the stora~e ana dlstrlbutfon of solar heat wfthln the buildlng
beCOMeS essential, Idhereasmuch eer)y work unrealisticallycharacterized the bulldlng Inside
temperature as consunt, reasonable varlttfons are always tllowedo 9re4tlY enhancin9 the
netural heat storage and dtstrlbution pos$fbllltles with major roduct~ons in auxlllary heatlnti
and coullng requiram~tsi

A second use of natural energy that augments passfve solar heatfng fs aa,vllghtlng. This fs
particular{ Wortant fn cmwrcfal bufldlnus where the current practice of excessfve use of
artfflcfdl Ightlng leadt to hu e Internal g@inS, Mlch, In turn, lecd to ltrge COOlfnU re-

!/qulremants. By usc of natural Ightfng, not only Is the lfghtlng electricity smd, but
electricltiyMQded for coolfng !s greatly refluctao Uec#use natural llghtfnu requlret wlndcwc,
the buildtntiheat lots may fncrme. AISO, there ft less Intorntl heat. Tho cambfned effect
IMY well Sfghal the need for passlvc solar hotttng. Thus, window locatfon for deylfghtfng
$hOuld f~llcu practice$ devtloped for pas$iv. aolar heating; the uta of touth-facin~windws
and c)erostor~f!sbwomes as a waln strtte .

F
khtt n{ ht hWe been an lnt4rntl-10td-dOMtntted

!situttfon e~olves ffitoQ more skin-aoRina ed load bui dinfjreqtiirlngmuch less opmtinu
energy, The alrdady highly coiaplemprocess of designing Comercial bUildlngS becomes even
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m’e Involved hen daylfghting Is considered and nw UIalYtlCal tools are needed. Dayllghtlng
is ●lso an Iwortant factor In residential buildfngs. mm though lt has always been Wen for
grantid.

hatural cooling Is pahaps the most complex pessfve research area because the bulldfng Is
themally opened ti the surrouttdlngsat thas to ●ncourage rCJeCtlOn of heat. Night ventila-
tion of the building Is usually theMSt iW0rt4nt pWIVe Coollng strategy and the one least
tractaole to ●nalysis. Redlation cooling Is tnalyzed more easily and has been sore carefully
researched. Earth contact COOlin9, although of ●inOr iWOrt4nCe, has dlso been the subject of
wch investigation.

RESEAfiCNUIRECTIUNS

The mafn focus of research in passive solar heating has been on the Perfo-nce evaluation of
buildlngs. Knowledge gained ?hrough the understanding of the behavlorof existing bulldlngs
can be used both to predict the perfor!mce of future buildings and to devise strategies W
make thamm ore effective. Thus, a a&jor mphasis of the work has been threefold: (1) devel-
apent of mttheaetictl @dels that characterize heat flow and thus therfeelbehavfor, (2) the
validation of these models by Caparlson wfth test results, and (3) the subsequent use of the
SUd$31S m investigate the Influence rf both various design parameters and weather characteris-
tics an performance.

This explanation Illustrates how analyticalmdeltng work hat become the cornerstone cf the
rese~rch effort. This relationship is shm clearly in the schswatic dfagi’~ of Fig. 1, which
shws t!!ekey el=nt$ of the resedrch prograu and the relationship between those elements.
The logfcal progression of activity flows frca left to right In this schemattc, begf,mlng with
experimental results Obtafn’i in test modules, SpOCial ex erlments, or Mnitored buil(llngs.

!Based on these results and .,wn physical principles, anaytlcal models are developed and
validated. Using weatherand solar data from a particular locality, the analytical models can
then be used to predict performance in a variety of cllmatas for a variety of proposed
designs. The mdels can also be used for sensftlvlty analyses, to develup $Implflfledpredlc-
tlor-faethods,and to explore the relationship between passive solar and conservatlol~
gles. Results art publlshed both tn technical papers and a5 user-oriented manuals.

EXPERIMENTAL RESULTS

strate-

Test hoaules
test wdules play an importmt role In passive research, Wte b large numoer of

spectal- urpose test modules have been buflt to obtain data under carefully controlled candi-
tlons. ifforts fn the USara revfewOd by Moare.[12] The W)ftS serve throt major Purposes as
follows:

e Direct side-by-sfde Comparisons ot vario’lscompeting StrtWgles.
o obtaining data for the validation of computer Codesg
e Special component tists.

TEST WEATHER)SOLAR DATA
ROOMS % v

ANALVTIOAL
+

~ MODELINO
MOOEL

8PEcI/,L kALIOATtON ) \
EXPERIMENTS

/

_L&~&;
w~ nAtV~OK OON8ERVATUN ANIISOLAR

Fig, 1. Schematic of the kay olamts of the maearch progra.
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Test ~dules are sometlaes opersted free rUnnln9. that is, without auxillarj beet. rnre com-
monly, they are operati with t thetmostetically controlled Inside envlroment. Thls allow a
more dl rect comparison betueen units end ylelds a nore *1 Istlc opmting profils.

Thr&e sizes of test units hav been b Ilt:
a!

test boxes, usually ebout 1 m (3 ft) on a side;
test rooms, usually ebout 4 (49 ft ) in ON; and larger test buildings, uhlch -y have
more than one rem. Two ex~les of the results of recent test rocm work at Los Al-s are
shown in Figs. 2 and 3.

Figure 2 shous test room performance for 1 day.L13] Thfs Illustrates the rather dramstlc
differences in the thermal cfnfort character sitics of the different test room. The roues
were therumststicallycontrolled to 23.9oC (750F). Note that the a!rect gain test room,
Mich has an inadequati mass-surface ta glass-surface area ratio of 3:1, uses about the same
back-up heat as the unvented Trmbe WI 1; houever, the thernal Cumfort characteristics of tha

TEST ROOM
DIRECT GAIN
PHASE CHANGE WALL
WATER WALL
lRONEE WALL

%
I 1 1 I I I 1 I
3 6 9 12 Is 18 21 24

HOUR OF MY, JAN 25 !982

w 1 4 ...*””””” . . . . \/..\ / -TRCilA~F WA1-i
. . . ..-. . . . . .. .

!? ICKX2L?”’’”’”””””” nz/R5K’Nc’--

TOTAL 8tU
12000

WALL 7310

I1030
24120‘i ,,,..

,.*’ 1,,, ,!
,/”’”””’” 1& I / Al ““*..

HOUR OF DAY, JAN 25, 1982

Fiu, 2* Twnporaturas and pow% measured durln one sunnv dsy fn fiVQ control10d te$t room.
?The net load coefficient of each room s 1307 bl/oC(624 titu/oF.dey), The average

outside temporcture 1s approxiiaetely4.4oC (4@ F),
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●oARcuANluw@?HAPa4ANoaWALLWnn
S4LSCTWIAuoa89n

W9AWCRZMISUWAD PANC”OLAZINOWIT
DU IJNVCNTSO, FLAY4LACK TROMSC WALL

-IRE O- HCATMlnRO# OLAXIM UNIT
ONuwaNTaLL ?UT4LACR TRau WALL

Wu.-smo C-SRMMT Wwl

AVERAGE UWUL EFfICIENCY
2/26/U2 TO 3/22/82

~ TROMBE WALL

~ SELECTIW SURF,

s 7 2
TtsT CELL

ff9. 3. Tctt ctl1 conf~guratlona cud porfomanco for tho 1981-82 WInter.
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M are rcdlcally different. The thet’te$lperformance of the phase chenge end water all r-
are qutta comparable; both have selective surfaces.

These results are taken during a sunny daY. To yet a mm accurate picture of long-term per-
formance, it is appropriate to Integrata the results over several weeks. Figure 3 shows com-
parative uSefUl efflCl(411CieS01 various test room COfIfigUratiOfVSover a 25-day wln~r eriod

rin Los Alamos.[141 The average outside temperature durfn9 tits perfodwas 3.7°C (38.7 f).
The rocxaseach have the same glazing area and buildfng load coefficient end were theremstat-
Ically controlled to 18.3oC (65°F). Useful efficiency accounts for only that energy
required to sbslntainthe building up to 18.3°C (65°F) and discounts ●nergy associated with
building temperatures In excess of 18.3oC (65°F). Fran these results, one can see (1) the
great effectiveness of a selectfve surface on the outside of a Trc8be wall or water wall; (2)
that a heat mirror glazing does not Sfgnificantl.yInCrease Performance whereas a Wltllayer,
high transfrilsslonglazing makes a Slgniflcant improvement; (3) that natural convection from a
sunspace to the adjacent room 1s aboutas effective as forced convection; and (4) that phase
cl,anyememrlals can be quite effective as a thermal storago wall (although many of the phase
chanye containers +estid at Los Alamoshave shwn mechanical falltire).

Moore’s report identifies 77 test rooms and 31 test buildings in the Unfted States. They have
value not only in provfdlng experimental data to the research coeseunlty,but in demonstrating
the effectivenessof passive strategies In different climates and serving as learnlng tools to
stiaents fn a uni~ersity environment.

MONITORED BUILDINGS

Numerous passive solar buildlngs have been monitored by various researchers wfth generally
encouraging results. The main programs h~ve been those at Los Alamos, where 15 bufldirvgswere
rnonftorea;the National Solar Data Network (NSl_W),which also nmfto?ed about 15 passive solar
buildings; the Class B 140nftorlngSystem at the Solar Energy Research Institute (SERI), which
currentli has about 75 buildings under study, and a C1as$ B Inonltcringprogram in California
con4uctea by thQ California State Unlverstty, which has Isonltored11 bulldfr!gs. In addttlon,
numerous individual researchers have undertaken Lhe aonltorlng of one or more structures.

To obtain an overall plr.tureof the rezults, we have taken data frcxn48 of these monitored
bulldtnYS and Presentia the performance In a Consistent forieiit. The perfcmance measure
chosen, although far from perfect, does give a general ccm?arative Idea of the effectiveness
of the varfous bulldfnys. The results are shown In Fig, 4. Energy consumption by the build-
ing Is dtvlded by the floor area and also by the heating degree days. This nonnalfzatlon puts
the various buildlngs on a reasonably comparable basis. Thr@e types of energy are d{stln-
guished: fnternal anergy (due to lights, people, and appliances), auxiliary heat, and Jolar
gains.

The general conclusions that follow from a study of these and other results of monitored
bu~ldlngs are as follons:

o Uullding hUat, lO&d coeff{cfents in the range ot 0.83 to 1.53 U/°Cx!2 (3.5 to6.5
Btu/°F day ftzl are routinely achfevea, although nwch larger values are obs@rved
for a few build~ngs, The r@sults underline the ~mportance of good Conservation
practice.

o Auxiliary heatfng requirement as low es 0.24 to 0.48 H!oC m2 !n sulmy climates
(1 to 2 BUJPF day ft2) are achievable. Values of 1-1/2 t~mes Mese levals dre
routffielyachieved.

e Good Ovwall pertonnance Is not especially correlated with cllmate, althou~h there Is
soaM tendency for the soler perforioanceto be bOttet in sunny clfmates,

e Internal heat var~es UidelY and, fn sw cases, ~kes a majar contribution,

o Solar frections of 60% ar greatar are often achfeved. In s- cases the solar per-
fomnce 4s flldsory because ?oS$eS from the glak{ng probably equal or exceed solar
gains. It is estfnvatedthat the SOIW savings exceets 50%of the total load fn 200f
the 48 bulld~ngs,
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MONITORED BUILDING RESULTS
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Results of the mnitoring of several bulldtngs. The bars show seasonal energy
(usually for5 or61aonths) divided by the bulldlng floor area and the actual degree
days for the season, calculated for a base temperature of 18.3°C (65°F). The
black portion of the bar denotes purchased energy; the portfon below the bar Is
Internal energy, and the black portfon above the bar 1s auxlltary heat. The to--l
length of the bar is the total heat required by the building, determined using the
bulldlng heat 10dd coefficient and the measured ~nslde/outsideAT {ntegral. Thus, by
subtraction, the @Ifte +ortlon of the bar 1s the solar energy absorbed less any
vented energy. The sta”~ in which the site Is lo~atid fs Indfcatid above the bar.
The buildings are rank ordered accordfng to Mxlllarv heat. several bufldings w~th
~;e~n~rnal heat uere unoccupied but were thermtatlcally controlled to normal

Other benefits should also be Considered. Fortxemple, the dayllghtlng benoflt in
the Taos State Office 8u~ldlng ‘educes the need for artfflcfal llghtin~ by at least
60!4. Th{s expiatns tie moderate lnt4rnal heat observed, whfch Is very 10U for en
offlcea

Proper sfte selection and passive collector orfentat~on we very Important W good
perfomanceo Some aystas denonstratlng the worst performance era those that an
sited incorrectly,

Movable fnsuletfon can necebly Improve performance and Is es eclaily valuable in
!colder climates. Howwer, If manually opm’ated wable Insu at~on Is used, It must

be convenient, easy ‘~ use, rellablc, and kept In good uorklng order.

No particular pszsive syltem typo emerges as the best perfomer. 600d thermal
destgn, houev??, 18 essential.

The overall need for purchased tnoruy 1$ far less than that of typical butldfngs in
all but 2 of the 48 bulldlnge included In F40. 4,
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● Many valuable lessons can be learnedf?’- a thoroughreviewof monitored building
data. Althwgh not detailed here, both posltlve and negative factors, ~fch could be
relnfot.ed or solved by better design, ●re uncovered in virtually every Instance.

● An hvortent defIciency of manitorins !s the detenainailon and reporting of the
quality of the 1ndoor environm?nt
lighting, ?Nmldlty, anbiance, and

NATW4AT1CAL MOOELIN6

creawd. Caafort indices shwl a be given. Also,
convenience should be evaluated.

Thermal Networks-
The response of a build!ns to any schedule of heat input is simulated by solving a set of
differentialequations that describe the heat flow fram point ta point Ulthin the build’lng.
One mst first select a reasonably snail set of elements within the building whose tmaperatu.e
will be calculated. Elements that can be expected to be about the same temperature can be
lumped together into one element. It is of particular importance to fn~lude all of the irapor-
tant heat-storing mass within the building in one or another of these mathematical elements.
Nes<ive portions Gxpected to he at rather different @mPerdtures should be characterized as
diiferent el&iM?ntS.

Having made this selection, the analyst thsn writes an ordinal. differential equation describ-
ing the heat balance for eack element. This heat balance includes heat flw to neighboring
elements by radiation, conduction, m convection, solar energy Inputs, and other heat inputs.
This set of differential equations can then be solved as an initial value problem with several
independent variables lncludlng solar gain, outs!ae temperature, dnd thermostat setting.
Auxiliary heat input is adjusted to maintain a desired temperature of one or more of the ele-
ments (tne roam air bmperdture is uually the controlled element).

O~er Analysis Approaches
Another stanaara approach to building energy analysis has been the use of weighting functions
or transfer functions (these are not to be confused with Laplace transforms or Fourier analy-
sis). becduse the heat flaw through a wall is generally assumed to behave according to a set
of linear equations, the response on one side can be characterized as a convolution of the
inputs on the other siOe. The convolution IG an integral, usually perforwd as d sunmation,
of the input at each previous time interval multiplied by a weighting function, which is
essentially the response of the wall to an impulse input. The technique is described in
mathematical detail by Muncey.[15] Both the inputs end outputs can be either temperatures or
heat f’uxes.

The weighting-functiondpproach has been used in nmst large-buildfng andlysis codes becduse it
is particularly amend>le to the handling of lightweight frame construction walls that may have
considerable structural detail. The Weighting functions can be precalculated, incorporating
as much detail about the wall as desired, ana entersd into a table to be used throughout the
rest of the calculation. Generally there are only a few weighting-functionpoints because the
time reponse chisracteristicof the wall is fairly short. For massive ~alls, this canputation-
?.1advantage is not so pronounced because the number of weighting functions beccmes much lar-
ger; in ta’ms of computational efficiency, thermal netwo~ analysis then becomes mare
competitive.

Ueighting-function analysis is particularly convenient when the inside Wmpe?ature is held
constant; t!owever,if it is allowed to float, account Inustbe made with another set of weiyht-
ing functions, increasing the computational complexity. By contrast, thermal network analysis
i> hardly more coaplex for a floating inside temperature than for one thdt is fixed.

Harmonic analysis, another computational technique that has been used by several analysts and
researchefls,provides yet another wo of solving the same set of differential equations.[16,17]
The Fourier or Laplace transform Of@aCh equation is Ccmputed, and ‘he equations are then SOIVed
algebraically in terms of the Laplace operator. Time solutions can be obtained by inverse
transformation. Used to calculate the time response of a builaing, this approach has been
primarily used by dffiCiOnadOS of the technique; It Offe?s no particular computational advantage
over network techniques.

The primary diSadVant4gt of harmonic dnalYSiS techniques i> their inappropriatenessin cases
where major nonlinearities exist. Although methods of deallng with nonlinearities have been
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dzveloped, they are both awkward and complex, and this offsets w advant.we of harmonic
analysis. For saIoothlyvarying nonllnearities such as radiation heat flw, the equations can
easily be linearized around the operating point; the inaccuracy implied by this process Is
trivial for the size of ~rature swings that would USUally be experienced. An example of
the type of nonlinearity that cannot be accommodated is the off-on character of a thernwtat;
therefore, harmonic analysis is not very suitable for determining auxiliary heat requirements.

The primary advantage of i.heFourier transform approach is in investigating the response of
the system at a particular frequency. The frequency of greatest interest is the 24-hour cycle
(the dfurnal cycle) because it is such a dominant and important part of the weather input. By
such techniques one can easily study the clear-day temperature swings to be expected insim
the building.[18,19]

SYSTEMSANA’”~Is

Systems analys!s Includes four types of analytical investig&tions: the first is the systemat-
ic study of hcu climati affects passive solar heating performance. the second IS the stuclyof
hcw changes in &sign par~ters affect systan perfonaance in a particular locality, the third
is the development and use of correlation techniques as a simplified method of performance
estimation, and the fourth is the development and use of a methodology for determining the
optiaal mix between conservation and solar strategies.

The Effect of Ueather on Performance
Once a simulation model has been developed for a particular buildin~ configuration, it can be
run using hourly weather input data for any location where such data are available. Uithin
the United States, for example, there are 35 sites where weather data, includlng solzr datd,
have been taken and compiled by the US Ueather Service. In addition, based on Correlations
developed frun this pr<mary dati set, hourly solar data sets have been generated for some 240
sites where hourly temperature and other weather data have been taken (thase are called ersatz
data). This efioraausoata set is available from the US Weather Service (National Uceanograp;,-
ic and Atmospheric Adninistrat.ion,Asheville, North Carolina) In a varie~ of canputer-
compatible =dia. It is easy ‘.0see that one fs limited mre by the time and cost of doing
computer simulations than by available data. To study the effect of weather on performance,
simulations are run for each site for Qach configuration of fntirest.

Simplified kiethods
Tt i$ M generally accepted that computer sfwlation WII1 give an accurate repre$entatinn of
the performance of passive solcr buildfngs, a condition that makes simulation a desirable
Oesign tool if the designer has the equipment, the capability, and the inclination tQ @ke
thfs approach. But even under the best of circastances, it is costly and time consuming.
Ikst designers ask for simpler techniques that are am?nable ‘o the use of hand calculators or
desk-top microccsnputerson which estimates can be generated in a few minutes.

Correlation techniques that meet these requirements ano give reasonable accuracy have emerged
as practfcal procedures. These methods are particularly useful early in the design process
when quick feedback fs essential; they can be applied b either residential or comercfal
buildings. Both a monthly calculation--the solar load ratio (SLR) method--and an annual
calculation--theload collector ratio (LCR) mathod--hav~ >een developed. The annual method
uses tables precalculated by the SLR technfque and is more appropriate to hatldanalysfs,
whereas the mnthly method is rmre versetile and is mre appropriate to ro ramable calcula-
tor or microco!aputer-aidedanalysts. INIBoth are dascribed in Refs. [20], 21 , and [22].

Deciding Between Conservation and Passive Solar Options
mfx between Conservation and solar

strategies.[22,23] To obtain an answer, one r!eed$thQ cost characteristics of both the
passive solar system and the energy consarwati~n features. This information wI1l generally be
in the form of the cost per R per unit area for the wall and ceillrt insulation, the cost per

!aadftfonal lazfng for wfhdaws, the cost of reducfng Inflltratlon ( ncluding the cost of
?aOding an a r-to-air heat recovery unft lf needed), and the cost per unft ar?a for the passive

solar collection aperture. Given tits fnfomatfon, the method provides $Imple equations th~t
can be dsea to tracethe economic optimal-mix lfne for a particular locale.
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LARGER 6JILDING ISSUES

In large buildings the energy sltuatfon is OftM mch more complex than in smaller buildings
because inwrnal energy generation Dy lights and equipment often provides much of the energy
required for heating and also because of the multizone character uf many large buildings. The
energy issues in the building w be daninated by coo?lng requirements fnstead of heatfng;
moreover, the operation and control of the heatfng, ventilating, and air cond;tionlng equip-
ment may well be quiti canplex and significantly alter the OVerall energy-use pattern of the
building. The following issues are of particular importance.

wse o natural lfght during the day can significantly reduce not only the requirements for
artificial lightfng, but somewhat reduce the cooling requirements because of the higher
efficiency of daylighting. The type of analysis necessary to treat daylightfng has dissuaded
most practfoners from attempting to use numerical reethodsfor desfgn because of the ccnnplex
geometries that are typfcal of nmstbufldings. However, a number oi specialized techniques
have been developed, and ongoing work will probably result fn development of suftable analyti-
cal ns?thods. Many of the methods that have been developed are suitable only for dfffuse sti
conditions.[24]

The most widespread desfgn technfque fs now and probably wfll IWain the use of scale models.
These are relatively easy to build, quite representative of full-scale Conditions, and gfve
both qualitative results (such as evaluation of light quality) and quantitative results.

wherma Balancing of a builaing must be done both on a space-to-spacebasfs and also on a
time-of-d~ basis considering patterns of internal heat generation and occupancy. Mismatches
between the availability of natural energies and the building’s enerQ’ needs may result in the
need for transporting neat frcm space to space and for providing auxiliary heating and cooling
ener~, perhaps at the same time.

Anal sis Methods
ire~ u ding configuration and energy issues Und to be complex, analysis codes for
large buildings IIIuSt be CMIpleX. The major ccnnputerprograms that exist have evolved out of
earlier codes and utilize weighting-functfon analysis techniques. They contain large librar-
ies of materials properties, standard wall $eCtiOIIS, and subroutines that characterize heat-
ing, ventilating, and air-conditioning systems, Great effort has gone into making the build-
ing description as architectural as possible, leaving the translation fnto mathematical terms
to special routines wfthfn the program.

inout to the computation consists of hourly measurements of weather ana solar parameters for a
location of fnterest. Output consists of building ener~ Consunptlon, which fs generally
summarized dccordfng to a number of different user-specffied optfons. The progr?ms require
large computers and a very sophisticated user.

PASSIVE PRACTICE

In a remarkably short period of time “passfve solar” has become part of the vocabulary of
bufldfng desigers, buyers, realtors, financiers, a~d researchers. Cofned ‘Y B. T. Rogers in
the early 1960s, the word “p~ssfve” was intentionc-ly chosen to emphasize an alternative
approach to the then-popular active solar technique.

Because it employs convantfonal bufldfng matirials an4 because the basfc concepts are easily
understandable, passive solar has found relatively easy acceptance among designers and
builders. In addftion, there are two importdnt groups of buildfng materfal manufacturers who
have embraced passive solar as an important Stra@gy ti Improve thetr pocftfon in the building
ma~etplace. These are the glazfng industry anG the masonry industries. In both cases, tne
fncreased importance of conse~atfon techniques withfn the country and the tendency toward
adoptfon of ever more stringent building regulations have tanded to reduce the use of both
glass and mass within the buildings because both have poor insulating properties. However,
this energy dishdvantdge can be turned Into an energy advdntige when one considers passfve
solar. Glass, properly used, enhances both wfntw heating and daylight{ng. Mass Is essentiai
to the stiring of passive solar gains and Is also very helpful in the reductfon of cooling
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loads during seasons when ‘Je temperatures frequently cr%s the comfort zone. Thus, there are
natural constltuen~tes that have endorsed passive solar, greatly speeding its dissemination
across the United Sti’Us.

Another factor that has enhanced the diffuston of passive solar in the matietplace 1s, irool-
cally, the extremely slow ma~et conditions that beset the building Industry beglnnfng in
1079. whereas buildlng was previously a seller’s nmtiet, with builders able to sell nearly
~ythfng, the d~~rn fn ~ket conditionsresulted In a bwer’s raarito&,with a much more
selective buying public. Concern over energy efficiency in buildings has become a major Issue
with potential buyers, and passive solar, as a visually obvious Indic.dtionof energy efficie~-
cy, has becme an effective market strategy. In a fiercely Capetitlve situation, It some-
times makes a dlfferen:e in the ciarketabilltyof a building.

Adoption of pastlve solar has been on a very regional basis. Characteristically,interest
begins in a specific locality, such as Santa Fe, New Mexico; Davis, California; Raleigh, North
Carolina; Portland, Oregon; upstete Uaine; and Kansas City, Wssouri. As a real estate prod-
uct, passive solar Is highly subject to acceptance and Concurrence wfth local market condi-
tions. Typically, once acceptance fs achieved, diffusion occurs outward from these centers.
Normally there is a hopscotch effect with the more progressive areas adopting a f- passive
solar buildtngs early and the more consewative areas following fn due course. Although
climate Is an important determining factor, the willingness of the local population to try a
new approach is equal”)yimportant. Once the credibility of passfve solar Is established in an
area, its dlssednation outward begins. Passive solar is a very experiential comsaodltyand
the marketplace relies on first-hand experience for diffusion.

Residential Practice
=~ts frca monitored buildings give testimcw to the fact that paSSiVe solar buildings
work well. This Is essential if they are to survive In the marketplace, but gcod performance
alone Is not sufficient. Clearly, many other factors must also be correct for passive solar
buildings because they have already proven themselves in the marketplace. At a time when
energy.consciousness has become a key prlorlu for the house-buying publlc, passive solar
provides visible testimony that good energy performance has been a design priority. Outlined
below are sxe of the key factors that have emerged as effeCtlVe elements of a residential
msrketing strategy.

A1l-Sclar Subdivisions
?hrchase of an isola~d solar building requires a StiteMent of fa’th u,,llkelyfn any but an
early innovator. By contrast, clusters of passive solar buildings signal a trend and give
evidence to a degree of societal acceptance necessary to nmst people undertaking a large
financial ObligatiOfI. Rather than feellng like a loner, the buyer becomes part ofa trend
along with his neighbors.

Another key advantage to a solar subdivision is that the developer controls the siting of all
buildfngs and can even wrfta In covenants protecting solar access.

Site Pla,ming and Development
k%h a llttle forethought, good solar access c~n be planned Into a develoixnentfrom the begln-
nfng with no loss in densfty. Two bas{c strategies have been used. In the first, a normal
rectilinear grid sys@n Is used wfth the street spacing east-west generally somewhat greater
than the spacing north-sc’th. The lots with the buildlngs facing the street on the swth can
be somewhat shallouer and wider, hav{ng good solar access because of the street. The lots
witA buildings facfng north on the street need to be soewhat deeper and, the?efore, sweewhat
narrcuer w obtain comparable solar access thrwgh their back yards.

A second rocedure Is more applicable to a plalned unit development and creates ? more fnter-
festing ne ghborhood and a More creative atmosphere for site plannin .

7
Streets are run Into

the Indlvfdual lots frcinthe north, locating garages on the north s de of the house with good
solar hccms preserved to the south.

In both of the above plans, It ~s appropriate to put covenants OF zoning restrictions on the
property that guarantee solar accass to every bufldfng. Also, streets should be narrow and
shaded to ml,limizethe sumer heating effecto v~getation should be located both to the east
and west of the buildings to provide for Smr shadfng and not winter shading, and &!oodac-
count should be made of prevailing sumer winds through the site to provide natural vetntflatlon.
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High Solar Fractions
be labeled Dasslve solar, It should Indeed be so. The solar savfnas (com-

pared with a-nonsolar bulldlng having the sa&e floor area and wfth comparable energy c6nsewa-
tlon ~asures) shwld be at least 40% fn C1OUCIYcllmates or 50% In sunny climates, and the
corresponding actual solar heating fraction should be 55% ano 70%, respectively. Such a
building is demonstrably and visually a solar bulldlng and no apo?ogiesneed tc be made at a
later tlm2.

Balanced Conservation and Solar
a buildfng ~to meet all of the other objectives listed, It IIsJst combine good conserv?itfon

practices wli,hthe solar strate fes.
?

This means a consistent application of good Insulation
practfces and low air infiltrat on. Iihetherachieved by detailed analysis or simply by adher-
ence to good design guidelines, a proper MIX of conservation and solar should be achieved. If
this is not done, the required solar collection area will be tio large, themal mass require-
ments for adequate heat storage will be too great, Co,ltrolwill be difficult, and the builclfng
wi!l probably not be economic.

GuociThermai Comfort
Thernul comforc impfies stable interior temperatures. Th building should have small tempera-
ture swings under free running conditions, tht is, during times when no back-up heating is
required to maintsin the building inside temperature within the cumfort zone. This is perhaps
We most stringentof all the requirements because it means that the building rousthave
adequate thermal mass for heat storage, a proper relationsilipbetween lcc?tion of solar gaino
and heat storage, and effective heat distribution. However, wtthout these essentials, the
builaing will not create the type of internal environment necessary to assure adoption of
passive solar buildings cn a wide scale.

Residential Daylightin~
l’heuse of natural ight provides the major rationale fw passive solar heating in commercial
bufldings. However, even in residential $~t~ations, daylighting is an important aspect of
design. Natural light adds character and livability w the design as well as replacing the
need for most artificial lighting during the day. Dark and uninviting interiors can be
avoided by the proper use of windows. By stressing the multifunction use of windows for
lighting, passive solar heatin$, el,crg<ncyegress, and ventilation, the windaw is made to oay
for its extra cost in many wejs. Skillful use of windows becomes a major design element,

High Quali~ of Construction
By adherence toth e prmes out?ineclabove. the designer will have already integrated
thermal quality into the building. it !s anly consistent U follw this up with use of good
materials and high quality of construction to assure a building that is viable over the long
term. Prospective buyers will look for this consistency and readily detect inconsistencies.
The proJect Kust manifest quality from site planning through final execvtion.

The increasing cost of building creates enormous pressures to compromise on any or all of the
above ingredients in favor of lower cost. An even stronger element, however, is the fact that
people are economically unable to move as often as in the past snd, thus, are deciding to buy
for the longor tarm. Itnrekes little sense to undertake a major thermal retrofit ~f a build-
ing only 5 to 10years after its completion; such a retrofit will be much mere expensive than
if the thermal quality hed been designed in from the beginning and it~ effectiveness will
likely be much leSS. Citintirecent pracLice is an inadequate excuse for porpwt.udtingthe poor
habits of the past, He now know hw ta make buildings that use only 10 or 20% as much energy
as typical contemporary buildings, and the inherent longevity of all buildings places an
obligation on us to mske the nnst of this knowledge.

Losts
~ally, the passive solar features will add 5 to 10% to the initial construction cost of a
building. The added cost is usually in the range of $53-$105 per annual GJ of energy savfngs
($50-$150/annualmilliotlBtu savings). This leads to simple payback times in the range of 5
t4 16 years when compared with alternative methods of heating.
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Gaoa Real Estate Basics
1 solar buildlng Cannoi be used to salvage a rea”Iestati prOjeCt that is otherwise flawed.
The developer must realize that real estate is a local process, r~sponsive to local requlre-
wnt=, that stmdards arc set locally, that the demand and bullding styles are governed by
local considerations, that the Ma*et se~nt being addressed must be matched to the building
ana passive solar syswn being employed, and that it is U1timately the reputation of the
builder that is the basis for a continuity of sales that snti success in a cyclic&l market.

wn y a ew ml tifamily passive solar buildings have been built. Mast of these are two or
three stories and are condam~niums or townhouses where all of the above issues are Important.

CaosnercialPractice
_camsnerciaf passive buildings are far less prevalent than residential passive build-
ings, a large nmber h?ve been built. The design Issues are quite different,not only because
of the importance of daylightlng, but also because the character and tlm of use are differ-
ent. The most freluent -‘ollcatlonshave been in schools, with the next mast frequent in
small office builaings. Iese have seemed W be quite Successful, although there have oaen
few results available frca manltaring.

TN few large passfve pro~ects have beon the subdect of Intensive investigation by ttams of
architects and .sngineers. TFe design Issues are cmplex and are outlined In z demil,
together with several case histories, in Ref. !25].

The key issues to be consldereq in commercial buildlngs are as follows:

1. CreatlnS a better working atmosphere. Uinuows, with the daylfqhting and uabiance they
provide, are tic key el.sent.

2. Reducing peak utility loads. C~PCial property is usually billed by an electric utflity
ccmpany both for consumption (kWh) and for the mmthly peak demand (kN). Often the latter
1s the larger expense, particularly In the sumsnersmnths. The combined effect of redUCed
lighting loads and the ?esultlng reduced Coollnq loads can represent a large savings.
Mass in the building can help by absorbing heat that shifts coaling loads later in the
day, perhaps untfl they can be met by night-vent cooling.

3. Reducing energy consumption, Nate that this is listed last because it 1s often the least
important of these issues,

Retroffts
passive solar aaditions or renovations to exfstlng bulld~n~s have proven ta be a very fapor-
tdnt part of paS?iVe practice, eSpRCfally In the rasfdent~al sector. Perhaps one-ha:f of the
total number of applications have been retrofits. Thewst Important strati~les mploycd are
as follows:

o Adding south-facingwlnaaws. This provides additional direct gain m a structure that may
have very adequati therfealsass built fn, aspeclally if It Is an older building.

e Mding a solar greenhwse, The atttthed solar greenhouse is proving to be a very popular
addition, as much because ot the adoed food-growing potentfal, natural winter hddlty,
and ambiance provided as for tha ●xtra heat.

o Addfng a convective-leap afr heater outsfda an extstln south-facfng insulated wall,
IT?,asear~ lightweight and Inexponslve and are especfal y effective because they can bo

built to shut off at nfght by means of a simplo passfve backdraft damper. They can be
USed on aptrUnants or other multistory structures

o Glazfng an exfsting south-facfng rnason~ywall, Themacirculation vents can b~ cut through
or not as oetfred, depending on *other the buildlng currently requfres aajor daytime
hcatlng.

A ptrtfcular advantige to ptssfve solarretrofit applications is that one can da a littlo or a
lot or do several small additions in sequence.
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The Buildlng Is the Product
h active solar systeas, as with other heatln9, ventilatlngs and dr-condltlonlns systems,

the designer Is adding equipaent to a buildfng to serve a thermal function. Passfve design Is
different. The passive solar end themal Characterlstlcs are Integrated Into the bufldtng
design In a raannerthat almst defies their separit!on. Ideally, every CC911pOnentOf the
building serves msltlple functions. The elements of shelter, heating, cooling, dayllghtlng,
heat storage, dfstributfon, traffic, -lance, and aesthetics become so Intedngled that a
designer must becm a generalist, understindlngeach andmldlng theeIInw a synergistic tnd
cost-effectfve result.

SUINARY

Research In passfve salar heating Is centered around the Investfgatlon of energy flow In
buildings, emphasizing the collection, storage, and distribution of Solar gafns, and the
extent m filch these effects can reduce the need for auxfliary heat wlthfn a bufldlng. Far
frabe~ng esotiric research, it has been hlghlyxtfvated to produce results that are of
direct relevance b Bufldlng designers. Results of the research have found as eager audience
among practloners of passive solar heating, and tha translation of those results fnto design
tools has been both rapid and eftectlve.

The baSiC physics of energy flow in buildings is well Understood, and the behavior of the
basic passive solar heating types 1s very predictable given knowledge of the relevant solar
and weather Condftlons and the factors that Influen:e bufldfng load. It is doubtful whether
further refinements and accuracy are warranted by the fnherent uncertainties of weather and
occupancy characteristics. These remarks apply to dtrect gain, the?%Ml storage wall, and sun-
space geometries.

Formlxed systems an6rrvJltlzonesituations, there has been lCSS experimentation and analysts.
Results frcm many bulldlr,$slndicste, however, that tht-~ are not lfkely to be many sur-
prises. Varfous passfve solar straugles seem to work well together and complement one
another eifectlvely.

Exottc designs, wfth the exceptfon of the double envelope concept, have not been carefully
Studfed either analytically or experimentally. A variety of hybrid desfgn$ have been built in
which air neated in one portiun of the bulldlng (frequently a sunspace) is ducted efther
through a rock ~ed or thrwgh holes formed In the masonry structure of the bul?ding. Tha$ti
seem to have worked well, but there has bean lfttl~ generall:ed icvestigatlon.

To da~, passive solar desfgn has consl:ted largely of reconfiguring trad~tfonal buildfng ele-
ments w make rmre effective use of the bulldfng for the collection, storage, and dlstrlbutlon
of solar heat function. There has been llttle research in;o fmproving those elements so that
they might better serve these functions. Recent systims an61ysls[26] has indicat%d that net
performance can be approximately doubled thrwgh the use of elemtultswith fmProved the~al and
optical characteristics.

Continued research can be expected to play an important role fn tha future daveloparentof
passive solar heatins. Areas of particular Importance ara matertals rasearch, buildtng
evaluations, and performance analysls.

Materials research and development can play u Significant role tn developing new prOduCtS or
variations on old products that wfll $Ign{flcantly improve thermal performance and comfort.
The area offering the greawst opportunlw for Improvement 1s In glazlngs and apertures. It
should be possible to improve transmittance, to greatly reduce heat loss, &nd to Increai$ the
controllability of :he apertum~ Itmsy also be posslbla to mor~ effec;lvely utiltze opaque
sections of the building skin fop solar Collactlon.

Improvements in haat-storage characteristics of the bufldfng wI1l probably be realiZed largely
through improved use of Conventional Mter!als wtthin the bulldfng obtafned through a better
understanding of the role of bufldlng configurations on heat sto!’ageand dls:ributfon.
Althwgh phase change materfalf remafn an ever-popular field for research effort, they have
had netillgfbleimpact on the u~fllzatfon of passive solar heetfng to dati,

The most tmportant role of bufldfr.~evaluations 1s fn the assessment of the effectiveness of
technlqug$ under finld trial. There suems to be no lack of ideas betng tried by inventors and
it 1s important that the$e fdeas receive a fair and dispassionate evaluation.
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Perfomsnce predlctlon, based on sound twslcal prlnclples, Is essenticl If posslve solar
Jheating Is to develop In an orderly fa ion. Research results c~lned with practical experi-

●nce will serge Into design tools that are simple ti use but comprehensive encwgh for wide-
spread application. Intuition plays an fmportant role In the evolutfon of new concepts, but
It 1s only through the applicatlcinof Sclentfflc Wchniques that research can sort ot!twishful
thirttlngfrom sound and effective methods.
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